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Abstract
The radiant flux (F) transmitted by bandpass interference filters of similar type is approximately proportional to the product
of peak transmittance (tp) and half-height bandwidth (Wh). A study of 297 filters of varied design (1-, 2-, 3-cavity), the collections
of six vision laboratories, showed that this relation was not accurate across all filters. However, a simple function, incorporating
Wh and another bandwidth Wt at a lower transmittance t, predicts F with a precision that is ample (95%) for most
psychophysical research. This function provides a rapid means of calibration. Bandwidth errors caused by 2- and 3-cavity filters
are discussed as well as their luminous ‘blocking’ efficacy. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
In 1976, during a period of sabbatical leave in
Parma, I used an ad hoc method for calibrating a
Goldmann perimeter. The instrument had been
modified to measure increment thresholds with Stiles’
two-colour technique. Since equipment for in situ cali-
bration was lacking, part of the calibration was made
externally by measuring tp and Wh of the bandpass
filters with a neighbouring laboratory’s spectrophoto-
meter. In this clinical study [1] it was assumed that F
was proportional to the product tp ·Wh. This assump-
tion was not tested at the time but, since the increment
threshold results conformed well with Stiles’ P func-
tions, it was concluded that residual errors were accept-
ably small.
Since then, my hobby has been to measure the pass-
band spectra of interference filters during visits to col-
league’s laboratories and to subject the proportionality
assumption to a more rigorous test. The ultimate pur-
pose was to provide a rapid calibration method avoid-
ing the tedious measurements required to characterise
the passband fully but retaining a precision sufficient
for psychophysical vision research.
2. Materials and method
The filters were in the collections of the Department
of Optometry, University of Bradford (31 filters), the
Vision Research Laboratory, University of Chicago (94
filters), the Clinique d’Ophtalmologie, University of
Geneva (23 filters), Augenklinik, Universita¨t Heidelberg
(23 filters), the Department of Communication and
Neuroscience, Keele University (79 filters) and the Lab-
oratoire de Physique Applique´e Paris, Muse´um Na-
tional d’Histoire Naturelle (46 filters). Some of the
Parisian filters were of special interest: 11 had been
owned originally by the late Dr Baumgardt and all 25
filters of 1-cavity design were found in this collection.
The spectrophotometers used were the Cary in
Heidelberg, the Perkin-Elmer lambda5 in Chicago and
Paris, the Shimizu UV 200 in Geneva and the Varian
DMS100 in Keele: all had double beam construction.
Filters were mounted perpendicular to the test beam
and measured against air with a resolution of 1 nm. Wh
was determined approximately and the spectral optical
density (OD) profile on either side of that band was
scanned to a relative OD of about three (the long wave
limit for some 1-cavity filters, whose highest relative
OD was less than three, had to be restricted). The
wavelength interval was set to 0.5, 1, 2 or 5 nm
depending on the value of Wh and resulted in some
40 or more readings for each filter. Recordings were* E-mail: coa09@keele.ac.uk.
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manual or automatic depending on the instrument be-
ing used. Errors due to instrumental noise in the OD
region above 2.5 were reduced by taking the mean of
five readings. The operating range of the Cary Spec-
trophotometer was extended by inserting calibrated
neutral density filters in the comparison beam.
Legrange interpolation (4-point) of the raw data was
used to calculate both tp and Wh and a set of 11 other
bandwidths in the range 1.2–2.2 relative OD and,
assuming an equal energy spectrum, for integrating the
radiant flux F transmitted by each filter over the range
of wavelengths measured. Throughout this paper F is
normalised by setting tp1.
3. Results and discussion
Wh ranged from 3 to 24 nm, 10 nm being the most
frequent. Centre wavelengths ranged from 340 to 810
nm, 95% being between 400 and 700 nm.
A plot of flux, estimated by Wh, versus the integrated
flux F indicates that Wh is, in general, an underestimate
(Fig. 1). For 1-cavity filters in particular, F is grossly
underestimated by Wh but proportionality holds quite
well. Casual inspection of Fig. 1 might suggest a rule-
of-thumb relation of the form
FkWh
where k is about 1.41, 1.12 and 1.04, respectively for 1-
2- and 3-cavity filters.
However, it is often the case that a filter’s provenance
is not known and some further measurements are nec-
Fig. 2. Mean spectral profiles for 25, 77 and 195 bandpass interfer-
ence filters of the 1-, 2- and 3-cavity type, respectively (see Fig. 5).
The plots are normalised for peak transmittance (tp1, log tp0)
and half-height band width (Wh1) and centre wavelengths are at
the origin. Horizontal lines at log relative transmittance levels
0.301 and 1.2 to 2.2 show the half-height bandwidth and the
eleven other bandwidths used in the study.
essary to identify its type. Evenso, ambiguity as to type
could result (see Fig. 5) and shape variations within
type could lead to errors of 8% with a rule-of-thumb
formula.
A filter’s spectral profile depends on the number of
cavities [2] used in its construction (Fig. 2). Conse-
quently, it seemed likely that this profile could be
defined by the ratio of two bandwidths, Wh and an-
other Wt at a lower transmittance t, and that this could,
in turn, allow a more accurate estimate of F.
It was found that the relationship between the (essen-
tially) dimensionless ratios F:Wh and Wt:Wh could be
adequately described by a third order polynomial of the
form
F:Wha0a1 · ra2 · r2a3 · r3 (1)
where rWt:Wh, the filter shape factor.
This relationship accounts for some 99% of the vari-
ance for each of the eleven OD levels. Fig. 3 (top)
shows results for relative OD 1.7. Four filters, excluded
from the regression, deviated from it by up to 10%. The
transmission profile for the worst instance is shown in
Fig. 4. All four showed similar mishapen profiles which
account for the deviations.
Rearrangement of Eq. (1), assuming it to be a func-
tional relation, provides an estimate of F :
FWh(a0a1 · ra2 · r2a3 · r3) (2)
Fig. 1. Correlation plot of half-height bandwidth with the radiant flux
transmitted by the filter passband. The broken line has unit slope and
passes through the origin. The dotted line is drawn by eye from the
origin through the group of 25 1-cavity filters.
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Eq. (2) yields satisfactory predictions of flux at all 11
OD levels. However, the proportion of variance ac-
counted for by Eq. (1) reduces rapidy outside the
1.2–2.2 relative OD range. Fig. 3 (bottom) shows re-
sults for the optimum level.
Fig. 4. Spectral profile of the most deviant filter in Fig. 3. This
exceptionally misshapen profile leads to an error of 10% (0.04 log
unit) in the flux predicted by Eq. (2).
Fig. 3. Top: Ordinate-ratio of radiant flux F transmitted by the filter
bandpass to the half-height bandwidth Wh. Abscissa-shape factor
calculated from a second bandwidth Wt measured at a relative OD of
1.7. Full line-cubic equation calculated from Table 1. Bottom: Corre-
lation of estimated flux, from Eq. (2), with the measured F. Dotted
line-line of unit slope through the origin. Apart from four filters
(square symbols: see text and Fig. 4) with grossly misshapen spectral
profiles, deviations do not exceed 5% (0.02 log unit).
The coefficients of the 11 best fit cubics are very well
behaved, facilitating the derivation of a set of polyno-
mials for specifying smoothed values as a continuous
function of t for any OD between 1.2 and 2.2. Thus
aibi0bi1 · tbi2 · t2bi3 · t3bi4 · t4 (3)
where the coefficents b are listed in Table 1 and the
resulting cubic coefficients of Eq. (1) for the optimum
level are given in the caption of Fig. 3 (top).
Since many filters in the sample were of unknown
provenance and design, the filter shape factor r
Wt:Wh was used to devide the population into three
types. The frequency distribution of the shape factor
for relative OD 1.7 was used for this purpose (see Fig.
5), yielding 25, 77 and 195 filters of the 1-, 2- and
3-cavity types, respectively. The mean spectral profiles
for these three types are shown in Fig. 2.
The radiant flux transmitted within the half-height
bandwidth Wh as a ratio of that calculated for the
whole passband are 56, 79 and 90% for the mean 1-, 2-
and 3-cavity filters. This increase, with the number of
cavities, of the concentration of flux within Wh is, of
course, highly desirable for vision research. In physical
Table 1
Values of the coefficients b in the polynomial Eq. (3)
31i 20
2.54829E-50 2.40036E-20.93624 1.88878E-3
7.49998E-21.056311.10668E-21 1.09589
3.39730171.3512 170.092 36.1497
1766.07 80.08223 321.165966.136
720.6574023.58414.6506683.854
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Fig. 5. Population histogram of the filter shape factors obtained for
Wt measured at a relative OD of 1.7. This three-peaked plot is used
to devide the filter population into three groups ‘labelled’ as 1-, 2-
and 3-cavity types. The mean spectral profiles for these groups is
shown in Fig. 3.
3.1. Filter performance
It is often assumed that a 10 nm half-height band-
pass ensures adequate stimulus purity in vision experi-
ments. Similarly, it is also assumed that the light
transmitted outside the filter passband is rendered rel-
atively neglible by ‘blocking’ with an OD of 4 or
more. Some calculations are reported here which test
these assumptions for 2- and 3-cavity filters with
centre-wavelengths in the range of visual importance
400–750 nm and with 10, 15 and 20 nm half-height
bandwidths.
The basic data required for these calculations were
the radiant spectral emission El of a representative
light source (here taken as a Planckian radiator at
3000 K) and the photopic luminous efficiency func-
tion Vl. Assuming that the passband of a 20 nm
2-cavity filter, at the ‘blocking’ level of 4 OD units,
may be up to 200 nm wide the spectrum should be
extended by 100 nm at each end for the calculations.
Basic data were required therefore in the range 300–
850 nm. Published luminous efficiency data apply to
a narrower range, 380–830 nm. The Vos [4] modifica-
tion of the CIE 1931 standard observer was extrapo-
lated from 830 to 850 nm, following the log-linear
trend at long wavelengths, and from 380 to 300 nm,
utilising Tan’s [5] human aphakic photopic luminous
efficiency function and Cooper and Robson’s [6] mea-
surements of human lens absorbance.
terms, the spectral profile of the filter approximates
more closely to the ideal trapezoidal shape [3] for
which the product tp ·Wh is exactly proportional to
the radiant flux transmitted by the pass-band.
Fig. 6. Sensitivity errors associated with finite bandwidths. Calculations are based on the 2° standard observer using the 2- and 3-cavity filter
means (see Fig. 3) with 10, 15 and 20 nm half-height bandwidths.
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Fig. 7. Ratio of the luminous flux passed by the ‘blocked’ region
(absolute OD4) outside the filter passband to that passed by the
passband. Calculations are based on the 2° standard observer using 2-
and 3-cavity filter means (see Fig. 3) with 10 and 20 nm half-height
bandwidths and a peak transmission of 0.5. Arrows indicate the
centre-wavelengths at which the ratio reaches 0.05 (0.02 log unit) and
beyond which it would be advisable to use a supplementary filter to
reduce the transmission of unwanted light (see text).
profile tl, was computed by numerical integration over
the filter passband from
Sm%(V ·E · t ·D)l:%(E · t ·D)l (4)
with the integration interval D set to 1, 1.5 and 2 nm
for filters of 10, 15, 20 nm half-height bandwidths.
Sensitivity error, expressed as log(S:V)l, is shown in
Fig. 6 for the mean 2- and 3-cavity transmittance
profiles of the filters in this study. Using 0.02 log unit
(about 5%) as an acceptable error for psychophysical
work, the performance for both filter designs is satis-
factory over the 410–770 nm range only for filters
with a half-height bandwidth of 10 nm. Errors are
highest where the slope of the (E ·V)l product is
highest: towards the ends of the spectral range and in
the region of the Vm concavity ascribed to macular
pigment.
3.3. How much light is transmitted outside a filter’s
passband?
The total luminous flux transmitted by the ‘blocked’
spectral zones of an interference filter was com-
pared with that transmitted by its passband. For the
purpose of this calculation the absolute ‘blocked’
transmittance was taken as 0.0001 (absolute OD 4)
and the absolute peak transmittance as 0.5. These are
typical of data specified by filter manufacturers. Lumi-
nous flux was calculated, over appropriate wavelength
ranges, by numerical integration of the product
(E ·V · t)l at 0.1 Wh intervals. The calculated spectral
luminous flux ratios for 2- and 3-cavity filters and for
10 and 20 nm half-height bandwidths are shown in
Fig. 7.
If 5% is taken, as before, as an acceptable threshold,
it is possible to define short and long centre wave-
length limits beyond which the fraction of ‘blocked’
light actually transmitted becomes unacceptably high.
Beyond these limits it would be advisable to use sup-
plementary filters. As an example, the limits for a 10
nm, 3-cavity filter are 466 and 672 nm. Further calcu-
lation indicates that application in series of suitably
located ‘edge’ filters (short-pass below 466 and long-
pass above 672) would extend these limits to 400 and
700 nm. Calibration measurements of Wh and Wt
should, of course, be made with the edge filter in place
since both filter profile and centre wavelength position
could be affected by transmission ripple on the edge
filter. The price paid for the resulting improvement in
spectral purity would be a 65–80% loss in the band-
pass light.
Here, as opposed to the situation with the aforesaid
bandwith-errors, the wider 20 nm bandwidth confers
an advantage: extending the short and long wave-
length limits by some 20 and 13 nm, respectively.
3.2. Bandwidth errors in measuring the spectral sensiti6-
ity of 6ision
The effective sensitivity Sm, at the centre wavelength
m of an interference filter with spectral transmittance
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